Salmonidae family; phylogenetic analysis; phosphorylation; hierarchical clustering AKIRINS ARE ϳ20-to 25-kDa nuclear localized proteins that regulate gene expression in many physiological processes, including the innate immune response of insects and mammals (25) , metazoan myogenesis (24, 40, 47) , mammalian carcinogenesis (33) , and insect growth/reproduction (17, 18) . They cannot bind DNA (25) but interact with cofactors to promote or repress mRNA transcription including 14-3-3 proteins (33) and the basic helix-loop-helix transcription factor Twist (24) . The importance of akirin genes to animal development is evident from the lethal embryonic phenotype of mice knockouts (25) as well as the lethal or reduced growth phenotypes demonstrated by targeted knockdown in Drosophila (25) , arachnid ticks (17) , and the nematode Caenorhabditis elegans (39) .
Although akirin genes arose before the origin of plant, fungi, and animal lineages, they are only prevalent in metazoan genomes (38) . Many invertebrates have a single family member (akirin), coorthologous to two paralogs (akirin1 and 2) generated by a genomic duplication event in the vertebrate stem of chordates (38) . Mammals and amphibians retain both paralogs, whereas avians lost akirin1 (38) . Teleosts of the Acanthopterygii lineage have two akirin2 paralogs, called akirin2(1) and 2 (2) (38) , that likely arose during a tetraploidization event at the base of teleost evolution (30, 37) . However, one paralog was lost in the Ostariophysi lineage, which includes the model zebrafish Danio rerio (38) . There was also good evidence that akirin1 duplicated in a common teleost ancestor, with both Ostariophysi and Acanthopterygii lineages subsequently losing a paralog (38) . Therefore, vertebrates examined to date, including all the main genetic models, have a maximum of three akirin genes. One lineage unstudied in terms of its repertoire of akirin genes is the Salmonidae family of teleosts, an established vertebrate physiological model and rising model for genomics and evolution (50) , with genome sequencing projects under way in Atlantic salmon (by cGRASP; http://web.uvic.ca/grasp/) and rainbow trout (by INRA; http://www.international.inra.fr/). The salmonid genome has gone through a further tetraploidization event compared with most other teleosts (3) and, while in the process of reverting to a diploid state, is thought to retain 50 -75% of genes as duplicates (5; see, e.g., Ref. 37) . Therefore, studies of salmonid gene families can provide important insights into the link between tetraploidization and physiological phenotypes.
The developmentally essential mouse akirin2 gene functions at the end point of cytokine-induced innate immune response pathways as a mediator of the nuclear factor-light chain enhancer of activated B cells (NF-B) transcription factor complex (25) . Classical NF-B is formed of two subunits called p65 and p50 and is predominantly located in the cytoplasm, because of its association with proteins from the inhibitor of B (IB) family (34) . Upon the binding of various cytokines (e.g., TNF-␣, IL-6, IL-1␤) to one of several receptors, IB becomes phosphorylated by a large protein complex called inhibitor of IB kinase (IKK) and then targeted to the proteosome, allowing NF-B to enter the nucleus (34) . Nuclear localized Akirin2 was essential for the transcriptional activation of a subset of NF-B target genes at the end of this pathway (25) . The classical NF-B pathway also potently inhibits muscle growth and triggers/maintains muscle atrophy (29) . For example, skeletal myogenesis is strongly promoted in mice lacking the p65 subunit (6) , whereas the transgenic overexpression of an NF-B activating protein induced a profound atrophic phenotype (11) . Furthermore, NF-B activates the expression of components of the ubiquitination pathway required for muscle atrophy, including an E2 ubiquitinconjugating enzyme in response to TNF-␣ stimulation (35) and the E3 ubiquitin-ligase Murf1, independent of TNF-␣ (11) . While no role for akirin2 in myogenesis has yet been established, it is feasible that this gene can regulate NF-B target genes at the end point of conserved signaling pathways that mediate both the innate immune response and muscle catabolism.
Unlike its paralog, Akirin1 is not an essential component of the NF-B-mediated innate immune response of mice (25) . However, this protein does function as part of the phosphoinositide 3-kinase (PI3K)-insulin-like growth factor (IGF)-V-akt murine thymoma viral oncogene homolog (Akt) signaling pathway (40, 47) , which has a direct opposite role to NF-B signaling in muscle, where it promotes protein synthesis and cell growth while inhibiting muscle atrophy by negative regulation of components of the ubiquitination pathway such as E3 ubiquitin-ligases (reviewed in Ref. 23 ). Specifically, in C2C12 cells, Akirin1 overexpression promoted myogenic differentiation and hypertrophy, upregulated IGF-II transcript/protein expression, and increased the expression of phosphorylated Akt (40) .
In this research, our first aim was to experimentally obtain and evolutionarily characterize the complete repertoire of akirins conserved in salmonid genomes including Arctic charr, Atlantic salmon (Salmo salar L.), brown trout (S. trutta L.), and rainbow trout (Oncorhynchus mykiss Richardson). Our second aim was to test the hypothesis that the salmonid akirin family has physiological roles in regulating cellular growth and catabolism. Accordingly, we developed quantitative real-time PCR (qPCR) assays to measure transcript abundance levels of each family member, along with a wide assortment of genes that regulate IGF signaling or muscle catabolism though NF-B-dependent and -independent mechanisms. We also examined whether there was coexpression between akirin and 14-3-3 protein gene families of salmonids, since in rodents 14-3-3 proteins bind Akirin2 during carcinogenesis (33) . Expression profiles of 34 genes were measured in Arctic charr skeletal muscle after experimental manipulation of catabolic or anabolic pathways, providing insights into the transcriptional networks in which the expanded salmonid akirin family might function and the complexity of its regulatory evolution in relation to physiological systems.
EXPERIMENTAL PROCEDURES
Bioinformatics. With human (Homo sapiens) Akirin1 and 2 amino acid sequences as in silico probes, directed tBLASTn searches were performed against National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) nucleotide and expressed sequence tag (EST) databases for the following taxa: Salmonidae, Paracanthopterygii, Ostariophysii, and Aves. Other Akirin sequences were obtained from Ensembl (http://www.Ensembl.org) as described elsewhere (38) . Nuclear localization signals (NLSs) for each salmonid Akirin family member were predicted with PSORT II (42) and phosphorylation sites with NetPhos2.0 (7).
Phylogenetic analyses. Phylogenetic analysis was performed on 61 high-quality complete or near-complete Akirin amino acid sequences from a range of vertebrates as well as outgroups from two chordate and one nonchordate deuterostome species (details in Supplemental Table S1 ). 1 Sequence alignment was performed with Mafft v.6 employing the G-INS-I strategy and the Mafft-homologs feature (31) . A 356-site output was manually checked and submitted to Gblocks (13) , where the "less stringent" block selection option was used to reduce ambiguous and/or saturated sites. A final alignment of 142 sites (available on request to D. J. Macqueen) was used for phylogenetic analysis with maximum likelihood (ML) and Bayesian inference (BI). The alignment was submitted to ProtTest (1) to determine the best fitting of 112 models of substitution according to Akaike's information criterion statistics. The best-supported model was JTTϩG (Jones-Taylor-Thornton substitution model with estimation of the gamma distribution parameter of among-site rate variation). ML was performed with PhyML (28) employing JTTϩG with 4 substitution rate categories and 1,000 parametric bootstrap replicates to obtain branch confidence values. BI was performed with MrBayes v.3.12 (45) again with JTTϩG. Two runs were used, each of a single chain of 10 million generations, sampled every 10,000 generations. Convergence was assessed by comparing the standard deviation of split frequencies between runs. Visual assessment with Tracer v1.4 (19) indicated that a suitable mixing of Markov chains was obtained. Five hundred trees were excluded, and the independence of the remaining samples was confirmed by the lack of significant increase in autocorrelation in postburnin tree log-likelihood values assessed with the ACF function of Minitab 13.2 (Minitab). A neighbor joining analysis was also performed in Mega 4.0 (49) with 22 akirin1 nucleotide sequences. Maximum composite likelihood was employed, with uniform among-site rate variation, considering all codon positions and both transversions/transitions and using 1,000 bootstrap replicates to obtain branch confidence values.
Comparing functional constraints of akirin family member paralogs. A set of amino acid sequences similar to that used for the phylogenetic analysis (minus the invertebrate Akirins) was aligned by an equivalent approach. The alignment was manually checked, and a polyalanine tract specific to Akirin2 of mammals and avians was removed, leaving 198 sites in total (available on request to D. J. Macqueen). Aligned salmonid Akirin family members were then submitted to the rate-shift analysis server (www.daimi.au.dk/ϳcompbio/LRTs) to identity type II sites between Akirin family members at various levels of paralogy, as inferred from the phylogenetic analysis. When comparing two related proteins, type II sites are functionally constrained in both sequences but code distinct resi- 1 The online version of this manuscript contains supplemental material.
dues (27, 32) (type II sites are described further in RESULTS AND DISCUSSION). The method described in Reference 32 employs likelihood ratio tests to identify statistically significant type II sites under a given phylogeny. For each of the four salmonid species, Akirin1(1a) and 1(1b) were together compared with Akirin1(2a) and 1(2b), Akirin2(1a) and 2(1b) were together compared with Akirin2(2a) and Akirin2(2b), Akirin1(1a) was compared with Akirin1(1b), Akirin1(2a) was compared with Akirin1(2b), Akirin2(1a) was compared with Akirin2(1b), and Akirin2(2a) was compared with Akirin2(2b).
Animals and tissue dissections used for akirin cloning experiments. Arctic charr were reared at the Sauôárkrókur research station of Hólar University College and represented a laboratory-maintained wild anadromous population ranging from ϳ3 to 15 g in weight. Atlantic salmon were obtained from Landcatch (Lochgilphead, UK) and represented an aquaculture population ranging from ϳ40 to 70 g in weight. Brown trout and rainbow trout represented aquaculture populations purchased from College Mill trout farm (Almondbank, Perth, UK) and ranged in body size from ϳ430 to 560 g in weight. For each species, three or four individuals representing both males and females were sampled after being fed to satiation. Pure dissections of nine tissues were obtained, including skeletal muscle (pool of fast-and slow-twitch fiber types), heart ventricle, liver, brain, gill, eye, skin, and ovary. Tissues were flash frozen in liquid N 2 and stored at Ϫ80°C.
Experiment manipulating nutritional state of Arctic charr skeletal muscle. The Animal Welfare Committee of Hólar University College approved all experiments with Arctic charr. Approximately four hundred individuals representing 15 populations from several distinct geographical locations were placed in two replicate tanks and then maintained under identical temperature (ϳ8°C) and photoperiod regimes (12 h dark:12 h light). The different populations were distinguished by fin clipping. Fish were fed to satiation with standard aquaculture feed (EWOS) supplemented thrice daily with bloodworms. Fish were acclimated to laboratory conditions for several weeks and then sampled before being fasted for a period of 21 days and sampled again. Subsequently, fish were fed to satiation as described above and sampled after a period of 2, 4, 6, 9, and 14 days. At each sampling point, six fish from the same population as used for akirin cloning experiments were randomly sampled from each tank and killed humanely by a sharp blow to the head and severing of the spinal cord. Pure samples of fast-twitch skeletal muscle were dissected from a common portion of the dorsal epaxial myotome and flash frozen in liquid N 2 .
Cloning and sequencing of complete amino acid coding cDNA sequences of akirin in four salmonid species. For each salmonid species, total RNA was extracted from ϳ100 mg of each tissue per individual with Tri reagent (Sigma) according to the manufacturer's instructions. Total RNA was separated by gel electrophoresis, and intact 18 and 28S RNA bands were used to infer integrity of the mRNA. RNA purity was also examined with a NanoDrop spectrophotometer (Thermo Scientific), where 230-to-260-nm ratios exceeded 2.2. One microgram of pooled total RNA (equally representing each tissue RNA from each species) was then used as a template for first-strand cDNA synthesis with QuantiTect Reverse Transcriptase (Qiagen) according to the manufacturer's instructions, including a genomic DNA (gDNA) removal step. Each cDNA sample was diluted 25-fold in nuclease-free water. Standard reverse transcription-polymerase chain replication reactions were performed for each species, containing a firststrand cDNA template (40 ng of reverse-transcribed total RNA), 1.25 U of Taq polymerase (Bioline), and each primer pair at 200 nM (details in Table 1 ). Cycling conditions included 1 step of 95°C for 10 min, followed by 35 cycles of 30 s at 95°C, 30 s of a primer-dependent temperature (Table 1) , and 1 min at 72°C, followed by 1 cycle of 72°C for 10 min. Products were separated by gel electrophoresis, purified with a QIAquick Gel Extraction Kit (Qiagen), ligated into a pCR4-TOPO T/A vector (Invitrogen), and transformed into competent Escherichia coli (Invitrogen). Ten transformed clones of each product were sequenced in a single direction with BigDye Terminator v3.1 Ready Reaction Mix (Applied Biosystems) and were read with an Applied Biosystems 3730 DNA sequencer (Geneservice, Oxford, UK).
Primer design and validation for qPCR assays. Many of the salmonid akirin family members share very high nucleotide sequence similarity. Thus special care was required to ensure that qPCR assays were specific to the targeted sequence. This was achieved by constructing a nucleotide alignment of 32 distinct akirin cDNA sequences (8 family members per species) with Mafft v.6 (31) . Subsequently, regions were identified with the highest dissimilarity between different family members, and primers (Table 1) were designed to span these regions. Importantly, the nucleotides distinguishing family members were fixed in each of the four salmonid species. To test each assay's specificity, qPCR products amplified with the given cycling conditions were cloned and 25 separate transformants were sequenced as described above. For each optimized assay, no products representing undesired akirin family members were sequenced by this approach, demonstrating that cross-binding of primers between similar paralogs was avoided. For four of eight akirin family members, at least one primer in a pair was designed to span a conserved exon-exon junction (see Table 1 ). For other family members, this was not possible because of constraints in the number of distinguishing regions (see Table 1 ). However, these primers were still positioned in different exons.
Primers used for 26 other qPCR assays are listed in Table 1 along with accession numbers of sequences used for primer design. All primers either spanned an exon-exon boundary or were positioned in different exons (detailed in Table 1 ). The specificity of each assay was confirmed by sequencing several transformants of each qPCR product with the approach described above.
qPCR protocol. For each sampling point in the experiment manipulating nutritional state, total RNA was extracted as described above from muscle samples of six individuals (3 per tank) as closely matched in body size as possible (mean weight ϭ 8.2 g, SD ϭ 2.3 g). cDNA was synthesized from 1 g of total RNA as described above and diluted 100-fold in nuclease-free water. The qPCR protocol conformed to recent "minimum information for publication of quantitative real-time PCR experiments" (MIQE) guidelines (10) . Each 15-l qPCR reaction contained 5 l of first-strand cDNA as a template (2.5 ng of reverse-transcribed total RNA), 7.5 l of Brilliant SYBR Green qPCR master mix (Stratagene), and 400 nM sense and antisense primers (34 primer pairs in total; Table 1 ). Reactions were performed in duplicate with a Mx30005P qPCR thermo- Primer pairs in italic type were used for cloning; primer pairs in roman type were used for quantitative real-time PCR (qPCR). Accession no, NCBI GenBank accession number related to the sequence;
Tm, primer melting temperature, calculated with NetPrimer (http://www.premierbiosoft.com), stated to the nearest 0.5°C; product size, product size for Arctic charr (Salvelinus alpinus).
Spanning
Exon-Junction column indicates whether the sense, antisense, both, or neither primer is predicted to span an exon-exon junction, based on conservation in teleost, bird, and mammal orthologs; N/A, not applicable. cycler (Stratagene) with 1 cycle of 10 min at 95°C and 40 cycles of 30 s at 95°C, 30s at a primer-dependent temperature (Table 1) , and 30s at 72°C, followed by an amplicon dissociation analysis from 55 to 95°C, where a single peak was observed in optimized assays. SYBR Green fluorescence was recorded during the extension phase of cycling, and each plate contained all samples. Negative controls were included in duplicate and contained either all components of the reverse transcription mixture (using a pool of all total RNAs as a template), excepting reverse transcriptase (no-reverse transcriptase control), or just water instead of first-strand cDNA (no-template control). Raw data were analyzed with Mx30005P qPCR software (Stratagene), and the threshold fluorescence of dRn values was adjusted to 0.5 for all assays, which was in the linear phase of amplification. The efficiency of each qPCR assay was calculated with LinRegPCR v.11, as recommended by the authors (46) . Specifically, each assay's efficiency was taken as the mean of reaction efficiencies calculated for every sample, by fitting a regression equation to data points in the log-linear phase of amplification while correcting for baseline heterogeneity (46) . Cycle threshold (C q ) values were manually exported into GenEx v.4.4.2 (MultiD Analyses) and corrected for differences in amplification efficiencies. The Normfinder application (4) was used to examine the suitability of six reference genes, ␤-actin, RNA Pol-II, rps13, rps29, rpl13, and rpl4 (Table 1) . According to the Normfinder results, C q values for experimental genes were normalized to rps13, rps29, rpl13, and rpl4 C q values, which were each highly stably expressed across the samples. Normalizing with various combinations of these four reference genes had little effect on final transcript abundance values of any experimental gene.
Statistical analysis of qPCR data. All statistics on qPCR transcript abundance data were performed in Minitab v.13.2 (Minitab). There was no significant difference in gene expression between tanks (not shown), so data were combined. Statistical differences in mean transcript abundance values of individual akirin family members at different sampling days of the nutritional state experiment were initially determined. The Anderson-Darling test was used to examine significant departures from a normal distribution and Levene's test to assess the equality of variance between sampling days. Data for akirin1(1a), 1(1b), 1(2a), 1(2b), 2(1a) , and 2(1b) followed a normal distribution and showed equality in variance and were therefore considered suitable for parametric statistics. akirin2(2a) data were made to better approximate a normal distribution with a fourth-root transformation using the equation y ϭ x 0.25 , where y is the transformed transcript abundance value and x is the untransformed value. Equality in variance was maintained in the transformed data. Data for akirin2(2b) were made to better approximate a normal distribution with a logarithmic power transformation using the equation y ϭ log x (2), where y is the transformed transcript abundance value and represents the exponent to which the untransformed value x must be raised to obtain 2. Equality in variance was maintained in the transformed data. One-way ANOVA was used on each akirin data set with Fisher's individual error rate test (error rate of 0.01) to establish statistical differences at the P Ͻ 0.01 level.
Statistical differences in mean transcript abundance values for a subset of other genes were then determined. 14-3-3␤2 data were normally distributed and showed equality in variance. 14-3-3␥1 and 14-3-3␥2 data were made to better approximate a normal distribution with the same logarithmic power transformation as for akirin2(2b). NF-B p65 data were made to better approximate a normal distribution with a Box-Cox transformation. UBE2H (1) and IGF-IR(1a) data were made to better approximate a normal distribution with the fourth-root transformation described above. UBE2H (1) , mafbx, and murf1 data were made to better approximate a normal distribution with a power transformation with the equation y ϭ x 0.02 , where y is the transformed transcript abundance value and x is the untransformed value. All transformed values for these genes showed equality in variance, and one-way ANOVA was used on each data set as described above.
Statistical differences in mean relative transcript abundances of different akirin family members at either satiation or the point of maximal fasting were then determined. Both data sets were right skewed and did not show equal variances. Thus a fourth-root transformation was used as described above, which brought the data closer to a normal distribution and made data variance equal. One-way ANOVA was used on each data set as described above.
Pearson's correlation coefficient (R) was used to analyze the strength and direction of linear relationships in relative transcript abundances of the 42 individual samples in all pairwise combinations of the 28 nonreference genes assayed across the experimental model of nutritional state, using log 2 -transformed relative transcript abundance values. A cutoff value of R ϭ 0.7 (P Ͻ 0.0001) was used as evidence for gene coregulation.
Hierarchical clustering of qPCR data. Relationships among relative transcript abundance profiles of the 28 nonreference genes assayed across the model of nutritional state were examined with PermutMatrix (12). Clustering and seriation were based on Pearson's correlation coefficient of z-score normalized relative transcript abundance values (scaled from 0 to 1). The multiple-fragment heuristic seriation method was used with WPGMA as the aggregation criterion for hierarchical clustering.
RESULTS AND DISCUSSION
Many more distinct akirin sequences are present in salmonids than other vertebrates. We identified numerous distinct akirin sequences in salmonid genomes and then experimentally sequenced each, plus several closely related sequences, using a PCR-cloning-sequencing strategy in Arctic charr, Atlantic salmon, rainbow trout, and brown trout. Eight unique fullcoding akirin sequences were obtained in each species and deposited in GenBank (accession numbers in Supplemental Table S1 ). We also identified two distinct akirin2 sequences in the Atlantic cod (Gadus morhua) representing the Paracanthopterygii lineage (Supplemental Table S1 ). Furthermore, in previously unexamined species of the Ostariophysi lineage, a single akirin2 sequence was identified in two catfish species and a single akirin1 and 2 sequence in the common roach (Rutilus rutilus) (Supplemental Table S1 ). No distinct akirin sequences to those previously discovered (38) were identified in teleost genetic model species from Acanthopterygii and Ostariophysi lineages, or in mammals and amphibians. However, as shown before for birds (38) , we observed that the reptile Anolis carolinensis has only akirin2 in its genome sequence (not shown). Therefore, salmonid genomes contain between five and seven additional unique akirin sequences compared with a wide range of other vertebrate lineages.
Phylogenetic analysis of salmonid Akirin proteins. Amino acid translations of each salmonid akirin family member were used for ML and BI phylogenetic analyses, employing the best-fitting available models of substitution and incorporating Akirin1 and 2 orthologs/coorthologs from a wide range of vertebrate lineages (detailed in Supplemental Table S1 ). Rooted to the single Akirin protein of invertebrate deuterostomes, trees initially branched into strongly supported monophyletic vertebrate clades for Akirin1 and 2 (Fig. 1) . In the Akirin2 clade, teleost samples branched from tetrapod sequences and immediately split into two subclades, each representing species from all the major lineages, with nodes closely following expected taxonomic relationships (Fig. 1) . Within both subclades, salmonid sequences were further split into two monophyletic groups, each containing a sequence common to the four included species (Fig. 1) . These results can be explained if the akirin2 gene duplicated in a common teleost ancestor, leading to paralogs that we previously named akirin2(1) and 2(2) (38), which each duplicated again in a common salmonid ancestor, leading to two respective sets of paralogs that we hereby name akirin2(1a)/2(1b) and akirin2(2a)/ 2(2b) (Fig. 1, Supplemental Table S1 ).
Within the Akirin1 clade, teleost sequences branched from tetrapods and split into two clades, one represented by all major lineages and the other containing only salmonid sequences (Fig. 1) . This topology suggests a duplication event in a common teleost ancestor, leading to gene paralogs we hereby name akirin1(1) and akirin1 (2) , followed by the secondary loss of akirin1(2) genes in lineages outside the Salmonidae. The Akirin1(2) clade further splits into two monophyletic groups of sequences represented once in each salmonid species (Fig. 1) . We hereby name the genes coding these putative paralogs as akirin1(2a) and 1(2b) (Fig. 1, Supplemental Table S1 ). In the teleost Akirin1(1) clade, eight salmonid sequences form a cluster, which, unlike elsewhere in the tree, was not resolved into two monophyletic groups represented by the four salmonid species (Fig. 1) . A closer examination of fixed substitutions and indels in the corresponding nucleotide sequences suggests that they do represent two separate sequences commonly inherited from a salmonid ancestor (Supplemental Fig. S1A) . Furthermore, phylogenetic analysis employing nucleotide data with exclusion of akirin2 sequences retrieved monophyletic akirin1(1a) and 1(1b) clades with 99% confidence (Supplemental Fig. S1B ). We hereby name these putative akirin1(1) paralogs as akirin1(1a) and 1(1b), in line with our proposed nomenclature system (Fig. 1, Supplemental Table S1 ).
These results are compatible with no less than three genomic duplication events leading to eight akirin genes, the first in an ancestor to vertebrates [duplication 1 (D1)], the second in an ancestor to teleosts (D2), and the third in a common salmonid ancestor (D3). We use these terms here when describing combinations of family member paralogs. Previous phylogenetic analysis of gene families proximal to akirin1 and 2 suggested that a duplication event occurred in a vertebrate ancestor affecting a large chromosomal region encompassing an akirin protogene (38) . Additionally, comparisons of shared synteny between teleosts and Sarcopterygians indicated that large chromosomal regions containing akirin1 and 2 duplicated again in a teleost ancestor (38) . Considering these results and the well-supported proposals of tetraploidization events at the base of vertebrates (43) , teleosts (30) , and salmonids (3), we suggest that the current repertoire of akirin sequences in salmonid genomes was attained by successive rounds of tetraploidization, with full retention of generated paralogs. It is essential that a common nomenclature accounting for the evolutionary relationships of vertebrate akirins be utilized by the research community (outlined in Fig. 1 and Supplemental Table S1 ). The forthcoming Atlantic salmon and rainbow trout genome sequences will be useful in providing comparative genomic evidence (e.g., shared synteny), to confidently establish the scale of the duplication events underlying the structure of salmonid gene families like the akirins. Fig. 1 . Phylogenetic tree constructed with maximum likelihood (ML), demonstrating the evolutionary relationships of salmonid Akirin proteins in relation to family members from a broader range of vertebrates. A Bayesian inference (BI) analysis produced a very similar topology. All ML bootstrap confidence values Ͼ50% are shown, as well as BI posterior probabilities Ͼ50% at important nodes (underlined numbers). Three putative genomic duplication events are marked with arrows, the first in a common vertebrate ancestor [duplication 1 (D1)], the second in a common ancestor to teleosts (D2), and the third in a common ancestor to salmonids (D3). D3? indicates that D2-level salmonid Akirin1(1) sequences did not spilt into 2 monophyletic clades as observed elsewhere in the tree (discussed in text; see Supplemental 
Comparison of salmonid Akirin family member proteins related to physiological functions.
We next compared salmonid Akirin protein sequences, testing a hypothesis that the families' expansion through paralog retention was related to functional diversification. Mammalian and insect Akirins are nuclear localized, dependent on a single NH 2 -terminal motif (25) . Furthermore, they function within signaling pathways governed by kinase-mediated phosphorylation cascades, including both NF-B (25) and IGF-PI3K-Akt (40, 47) pathways, and were suggested to be themselves phosphorylated (18) . Accordingly, we were interested in identifying putative phosphorylation motifs and NLSs in the eight salmonid Akirin family members. We were also interested in identifying "type II" sites, which are positions functionally constrained to conserve distinct residues in related proteins representing distinct phylogenetic clades, e.g., gene family member paralogs (27, 32) . Type II sites identified between two proteins likely reflect that a shift in evolutionary rates occurred at those positions in one or both proteins shortly after their origin (e.g., by gene duplication), leading to distinct amino acid replacements being fixed in each protein that subsequently became subject to strong purifying selection in ongoing lineages. In cases where type II sites are fixed as residues with radically distinct biochemical properties, it is possible that selection is acting to maintain functional specificities of the proteins under comparison (27, 32) . We focus on the unique evolution of the gene family in salmonids, comparing paralog groups generated by D2 and D3 events.
All vertebrate Akirins, including the eight salmonid family members, have a similar NH 2 -terminal NLS (Fig. 2, Fig. 3 ), although this motif was predicted to include three more residues in salmonid Akirin2(2) than Akirin2(1) family members (Fig. 3) . Similarly, an additional conserved NLS at positions 88 -91 was present in all Akirin2 proteins (Fig. 3) . These results suggest that all the salmonid Akirin family members are constrained to functionally retain the ability to localize to the nucleus.
Twelve of 198 (6.1%) of all positions between salmonid Akirin1(1) and 1(2) proteins were type II sites, of which 9 were functionally constrained to retain radically distinct residues (Fig. 2) . At the D2 level, the majority of residues at type II sites of salmonid Akirin1(1) proteins are also conserved in teleost Akirin1(1) proteins (Fig. 2) . For 5 of 12 of these sites, salmonid Akirin1(2) residues are also more biochemically dissimilar to tetrapod Akirin1 than Akirin1(1) family members (Fig. 2) . Therefore, salmonid Akirin1(2) proteins, which were secondarily lost in other teleost lineages (Fig. 1) , have a set of residues under a radically distinct set of biochemical constraints to Akirin1(1) proteins, which supports a hypothesis that functional divergence contributed to the retention of the gene coding the ancestral Akirin1(2) protein, prior to D3.
The single nonsynonymous change fixed between Akirin1(1a) and 1(1b) family members was a type II site (position 62) (Fig. 2) . Comparing Akirin1(2a) and 1(2b), 13 of 198 (6.6%) positions were type II sites, of which 9 were constrained to conserve radically distinct amino acids (Fig. 2) . For many such sites, one paralog retains a residue identical or at least biochemically similar to other teleost Akirin1(1) proteins/Akirin1 of tetrapods (Fig. 2) . There was no clear bias as to which D3 paralog retained a similar or distinct residue compared with other Akirin1 proteins (Fig. 2) . Thus, at the D3 level, salmonid Akirin1(2) paralogs have many more type II sites than Akirin1(1) paralogs. This is also reflected in the overall rate of nonsynonymous substitution among D3-level Akirin1 paralogs: for any salmonid species, Akirin1(1) paralogs retain ϳ97% sequence identity, compared with ϳ85% in Akirin1 (2) paralogs (not shown; evident in branch lengths in Fig. 1 ). Thus Akirin1(2) paralogs have been freer to change in protein sequence during evolution than Akirin1(1) family members, including in terms of rate constraints leading to type II sites. This suggests that Akirin1(1) family members are more likely to fulfill functions conserved from the pre-D2 state.
The total number of predicted phosphorylation sites in Akirin1(1a), 1(1b), 1(2a), and 1(2b) were 12, 11, 13, and 19, respectively. At the D2 level, some phosphorylated residues predicted in Akirin1(2) but absent in Akirin1(1) family members either were type II sites (Fig. 2, position 102) or were located proximally to type II sites (positions 63, 105). A phosphorylated serine (position 28) present in Akirin1(2a) but not Akirin1(2b) or Akirin1(1) family members was a type II site (Fig. 2) . Similarly, most of the additional phosphorylated residues predicted in Akirin1(2b) compared with Akirin1(2a) and Akirin1(1) family members either were type II sites (Fig.  2 , positions 120 and 126) or were located proximally to type II sites (Fig. 2, positions 33, 99, and 139 ). Thus at both D2 and D3 levels, some type II sites fixed for phosphorylated residues in Akirin1(2) but not Akirin1(1) proteins could underlie differences in posttranslational regulation of these family members. Since the specificity of kinases to their substrates is strongly dependent on the residues proximal to the phosphorylated site (48) , the same argument applies for those type II sites flanking paralog-specific phosphorylation sites.
The total number of predicted phosphorylation sites in Akirin2(1a), 2(1b), 2(2a), and 2(2b) were 12, 14, 18, and 19, respectively (Fig. 3) . The additional phosphorylation sites in Akirin2(2) compared with 2(1) proteins were mainly accounted for by a unique tract of phosphorylated serines (Fig. 3, posiFig. 3 . Sequence logo alignment showing the amino acid sequence of individual salmonid Akirin2 family members (4 species per family member) compared with nonsalmonid teleost Akirin2(1) and Akirin2(2) (7 and 5 species, respectively), Akirin1 of tetrapods (5 species), and Akirin1 and 2 across vertebrates (58 species). Other details are as described in Fig. 2. tions [31] [32] [33] [34] [35] [36] [37] [38] . Comparing Akirin2(1) and 2(2), only 2 of 198 (ϳ1%) positions were type II sites (positions 94 -95) and these were not located proximally to any predicted phosphorylated residues (Fig. 3) . These two residues have radically distinct biochemical properties and are directly proximal in the polypeptide sequence residues, just COOH-terminal to the Akirin-2 specific NLS (Fig. 3) . Thus, for salmonid Akirin2 family members, there is less evidence for type II functional divergence at the D2 level compared with Akirin1 proteins.
Comparing Akirin2(1a) and 2(1b), 7 of 198 (ϳ3.5%) of all positions were type II sites, of which 4 coded radically different residues (Fig. 3) . Many of these type II sites were proximal to phosphorylated sites shared by both paralogs and are therefore unlikely to be related to paralog-specific phosphorylation patterns (Fig. 3) . However, one type II site was a phosphorylated threonine in Akirin2(1a) but fixed as alanine in Akirin2(1b) (Fig. 3, position 28) . Four of 198 (ϳ2%) positions were type II sites between Akirin2(2a) and 2(2b), of which 2 were fixed as radically different residues and none was related to paralog-specific phosphorylation of adjacent residues (Fig.  3) . Thus the level of type II functional divergence observed between both Akirin2(1) and 2(2) D3-level paralogs is lower than observed for Akirin1(2) paralogs and there is less evidence that the identified type II sites act to modify posttranslational regulation by phosphorylation. D2-and D3-level type II sites were often directly proximal (e. (Fig. 2  and Fig. 3 ). Considering that Akirin proteins interact with a multitude of proteins (reviewed in Ref. 38) , we suggest that such clustering of type II sites may be related to conserving protein-protein interfaces, or interactions specific to D2-or D3-level family members.
Distinguishing expression patterns of salmonid akirin family members. Our next aim was to measure each salmonid akirin family member's transcript expression with qPCR. Since all D3 paralogs other than akirin1(2) paralogs are Ͼ95% similar in the coding sequence (not shown), it was important to design primer sequences spanning the most highly distinguishing available regions. We were also careful to ensure that primerbinding regions were fixed across the four salmonid species. These optimized qPCR assays specifically amplified each akirin family member in both Arctic charr (this study) and Atlantic salmon (not shown) and performed with the given parameters (Table 1) should perform equally well in rainbow trout, brown trout, or other salmonid species.
Distinct transcriptional responses of arctic charr akirins to altered nutritional state. We measured how in vivo transcript abundance of each akirin family member varied with respect to nutritional state in fast-twitch skeletal muscle of Arctic charr using qPCR, with a robust normalization strategy, exploring the suitability of six reference genes. Target products were not amplified in any negative controls (not shown). The experiment included a "prefasted" sampling point, at which fish had been fed to satiation for an extended period, followed by a "maximal fasting" sampling point after 3 wk without feeding. Subsequently, five samples were taken during a 14-day period of recovery refeeding. At the point of maximal fasting, there was no material visible in the stomach or intestines, the gallbladder was distended with bile, and a loss of fat reserves was evident around the gut compared with the prefasted state (not shown). After 2 days of refeeding and in subsequent samples, the stomach and gut were distended with food (not shown). Fat reserves became evident around the gut after 4 days of refeeding and increased in extent for the remaining period (not shown). Of 42 fish (n ϭ 6 per sampling point), 3 fish were objectively removed from this analysis, since they displayed a clear signature of fasting during feeding phases, including marked upregulation of E3 ubiquitin-ligases (described below), which we have found to be invariably upregulated after feed restriction in salmonids (see, e.g., Ref. 9) and zebrafish (I. G. P. Amaral and I. A. Johnston, unpublished result).
Two principal responsive patterns were evident across the model considering statistical differences at the P Ͻ 0.01 level. The first, observed for akirin1(1a), 2(2a), and 2(2b), saw greatest relative transcript abundances at maximal fasting (between ϳ2-and 3.3-fold elevated from the prefasted state), followed by a gradual or immediate return to near the prefasted level during the refeeding period (Fig. 4) . The second responsive pattern involved either no change [akirin1(1b), 1(2b), and 2(1)] or a notable but nonsignificant increase [akirin2(1b)] in transcript levels between satiation feeding and maximal fasting states, with highest transcript levels at refeeding, either after 2 days for akirin1(2b), 2(1a), and 2(1b) (between ϳ1.9-and 2.4-fold elevated from the prefasted state) or more gradually for akirin1(1b), which peaked after 6 days of refeeding (ϳ1.6-fold elevated from the prefasted state) (Fig. 4 ). After their maximum expression level, the transcript abundance of these genes returned to levels close to the prefasted state (Fig. 4) . akirin1(2a) showed no significant differences in relative transcript abundance with respect to nutritional state (Fig. 4) . There was coexpression between akirin1(2b) and akirin2(1a), akirin1(1b) and akirin1(2b), and akirin1(1b) and akirin2(1a), with respective Pearson's R values of 0.85, 0.72, and 0.75 (Supplemental Fig. S2 ).
These results demonstrate that the majority of Arctic charr akirin family members are transcriptionally responsive to altering nutritional state of skeletal muscle. The evolutionary relatedness of family members was not closely reflected in correlation values between transcript levels, with no D3 paralogs receiving R values Ͼ0.7. In fact, the most closely coexpressed family members have been evolving independently since D1 and D2 events, which occurred at the base of vertebrates and teleosts, respectively. Considering known tetraploidization events, D1 and D2 paralogs potentially separated ϳ500 (43) and ϳ350 (30) million years ago, respectively. If D1 and D2 events were tetraploidizations, the resulting paralogs would be located on different chromosomes, certainly initially. Thus these examples of coexpression between D1-and D2-level akirin paralogs suggest that selection has acted over a vast evolutionary time to independently maintain or introduce nutritionally responsive regulatory elements leading to similar transcriptional responses in genes with markedly different protein products (e.g., 40 -50% sequence identity at the D1 level). Forthcoming salmonid genome sequences will facilitate in delineating the controlling factors governing the cumulative expression patterns of family member paralogs, for example, through study of conserved transcription factor binding sites in proximal promoters and enhancers. Comparative transcript abundance of different akirin family members. We compared differences in relative transcript abundances of Arctic charr akirin family members at satiation and maximal fasting (Fig. 5) . At both nutritional states, there were large differences in transcript levels among all family members, up to ϳ24-fold with satiation feeding and ϳ28-fold at maximal fasting (Fig. 5) . At the D2 level, both akirin1(1) paralogs were significantly more abundant than either akirin1(2a) or akirin1(2b), respectively, by ϳ19.0-to 27.6-fold or ϳ2.0-to 4.0-fold, depending on nutritional state (Fig. 5) . Conversely, considering both nutritional states, akirin2 family members did not show a pattern in which both genes in a pair of D2-level paralogs were more transcriptionally abundant than both genes in the other paralog pair (Fig. 5 ). Since Akirin1(1) family members have diverged less at the protein level from the ancestral state shared with Akirin1(2) proteins ( Fig. 2 and previous section), it is feasible that their higher mRNA abundance in muscle at both nutritional states (Fig. 5) simply reflects that more units of protein are required to fulfill certain fundamental cellular functions absent in akirin1(2) family members.
For three D3-level paralogs, skeletal muscle transcript levels were higher in one paralog independent of nutritional state (Fig. 5) . At satiation and the point of maximal fasting, akirin1(2a) was ϳ8-and 6.5-fold less abundant than akirin1(2b), respectively, akirin2(1b) was ϳ5.2-and 4.0-fold less abundant than akirin2(1a), respectively, and akirin2(2a) was ϳ10.5-and 8.7-fold less abundant than akirin2(2b), respectively (Fig. 5) . In these cases, it is possible that enhancers or other regulatory elements present in one, but not both D3-level akirin paralogs account for a difference in basal skeletal muscle transcription rates. Conversely, akirin1(1a) and 1(1b) paralogs, which showed distinct transcriptional responses to nutrition (Fig. 4) , had comparable transcript levels at satiation and were only 1.8-fold different upon maximum fasting (Fig. 5) .
Positioning Arctic charr akirin expression data within a network of genes that regulate catabolism and growth in skeletal muscle. Hierarchical clustering of qPCR data revealed two major clusters of gene expression in Arctic charr skeletal muscle at various nutritional states (Fig. 6) . In cluster 1, a clade of closely regulated genes is evident that were most transcriptionally abundant at maximal fasting, including NF-B p65, two genes coding E3 ubiquitin-ligases, (mafbx and murf1), two E2 conjugating enzyme paralogs [UBE2H (1) and (2)], and two IGF-I receptor paralogs [igf-Ir(1a) and igf-Ir(1b)] (Fig. 6 ). These genes were upregulated by fasting by ϳ3.8-, 99.8-, 2.5-, 1.7-, 2.2-, 1.8-, and 1.6-fold, respectively, and then downregulated by 2 days of subsequent feeding by ϳ3.4-, 51.8-, 9.2-, 2.0-, 2.2-, 1.9-, and 1.9-fold, respectively, remaining low thereafter (Fig. 7 ). All combinations of these genes share R values between 0.74 and 0.91 (Supplemental Fig. S2 ). The next most external branch is akirin2(2b) (Fig. 6) , which shares R values of 0.74 -0.79 with mafbx, NF-B p65, and UBE2H (1) and (2) (Supplemental Fig. S2 ). This is followed by its D3 paralog, akirin2(2a), which was relatively abundant at maxi- Fig. 5 . Differences in relative transcript abundance levels among akirin family members in Arctic charr fast-twitch skeletal muscle after feeding to satiation and at maximal fasting. Values are scaled between family members relative to the lowest expression value among all genes. Other details are as described in Fig. 4 . mal fasting but was less coexpressed with internal cluster genes during feeding phases (Fig. 6) , sharing no R values Ͼ0.7 ( Supplemental Fig. S2 ). The next branches are akirin2(1b) and 1(1a), which were relatively highly expressed at day 2 as well as at day 0 (Fig. 6) . The most external branches of cluster 1 form a subclade containing akirin1(2a) and the gene coding the Signal transducer and activator of transcription 3 protein (stat3) (Fig. 6) , coexpressed with an R value of 0.71 (Supplemental Fig. S2 ). We note that some individuals presented a clear signature of fasting at days Ϫ21 (1 fish) and 14 (2 fish) based on the expression patterns of cluster 1 genes (Fig. 6) . This indicates the usefulness of hierarchical clustering for objectively removing outlier points due to nonfeeding individuals in experiments manipulating whole animal nutritional state, as done in this study (Fig. 4 and Fig. 5) .
Considering their coexpression, we suggest that genes clustering from akirin2(2b) inward are under some level of common regulation and form an important component of the molecular response required to reach a catabolic state in Arctic charr skeletal muscle. One supported mechanism is the targeting of muscle proteins for proteosomal breakdown by ubiquitination. For example, NF-B activation of the mouse ortholog of UBE2H, but not other E2 conjugating enzymes, was essential for ubiquitin conjugation during skeletal muscle atrophy (35) . In addition, the mouse ortholog of Murf1 was essential for fasting-or denervation-induced atrophy of thick filaments of skeletal muscle myofibrils (16) and is also transcriptionally regulated by NF-B (11). Mammalian Mafbx is also an essential component of proteosome-mediated atrophy of skeletal muscle and is activated by p38-MAPK signaling (23), but not by NF-B (11). The expression of both Mafbx and Murf1 is also regulated by FoxO transcription factors in mammalian skeletal muscle (23) , as is the IGF-I receptor in cardiomyocytes (36) . Thus it is possible that the coexpression of cluster 1 genes reflects the cumulative activation (during fasting) or repression (during feeding) of more than one pathway mediating catabolism. In any case, our data are limited to identifying coexpression of genes and cannot reveal the regulating factors. Thus we suggest that while the tight coexpression of akirin2(2b) with the NF-B gene, as well as with components of the ubiquitination pathway that are NF-B regulated, is consistent with an involvement in skeletal muscle catabolism through classical NF-B signaling (as might be expected considering previous research; Ref. 25) , other pathways could be equally important. This possibility is strengthened by the fact that Akirin2 of rats is involved in the transcriptional regulation of MAPK-phosphatase 1 (33) , which regulates p38 MAPK and cytokines including TNF-␣ and IL-6 (15), which in turn activate the NF-B pathway (34) , including in skeletal muscle (29) . Additionally, akirin1 of mice was transcriptionally regulated by p38 MAPK signaling in muscle, as well as by PI3K-Akt signaling (40, 47) , which controls FoxO transcription factors (23) .
The coexpression of Arctic charr akirin2(2b) and UBE2H genes proteins is worth discussion, since orthologs of these proteins physically interact in Drosophila. The vertebrate UBE2H gene has two putative coorthologs in Drosophila called Ubc-E2H (Flybase ID: FBgn0029996) and CG14739 (FBgn0037987), and the latter was shown by yeast two-hybrid screening to bind to Akirin (22) . In certain prokaryotes and yeast (Saccharomyces cerevisiae), a highly significant pattern exists that interacting proteins are more likely to be coexpressed than expected by chance (21, 26) and that there exists strong selective pressure to maintain coexpression of interacting proteins over long timescales (20) . It was suggested that this trend reflects the need for interacting proteins to be coordinated spatiotemporally at controlled levels to maintain stoichiometry and thus proper function of protein complexes (20) . The coexpression of Arctic charr akirin2(2b) with UBE2H raises the intriguing possibility that a protein-level interaction has been maintained during evolution, with an accompanying selective pressure to preserve coexpression.
Cluster 2 splits into two subclades we called 2A and 2B (Fig.  6 ). Genes in cluster 2A are generally characterized by lowest relative transcript abundance values at day Ϫ21 and maximal fasting with upregulation during recovery feeding and include three akirin family members and all genes coding 14-3-3 proteins (Fig. 6 ). 14-3-3␥2 was remarkably responsive to nutritional state and was downregulated by 3.3-fold between day Ϫ21 and day 0 and upregulated by ϳ10-fold after 2 days of refeeding (Fig. 7) . The 14-3-3␥2 expression profile was positively correlated to akirin1(1b) (R ϭ 0.77) and to its paralog 14-3-3␥1 (R ϭ 0.89) and highly negatively correlated to profiles for cluster 1A genes [R values from Ϫ0.71 to Ϫ0.89 with akirin2(2b), IGF-IR1a and 1b, mafbx, murf1, UBE2H(1)/ (2), and NF-B p65] (Supplemental Fig. S2 ). The 14-3-3␤2 expression profile (Fig. 7) was positively correlated to akirin1(2b) (R ϭ 0.77) (Supplemental Fig. S2) .
It has been shown previously that TNF-␣ treatment promoted the recruitment of 14-3-3␤/␥ proteins to promoters of NF-B target genes. Furthermore, 14-3-3␤/␥ physically interact with the p65 subunit of NF-B (dependent on phosphorylation) and TNF-␣ treatment enhances this association, while abrogation of 14-3-3 signaling leads to the constitutive association of p65 with chromatin (2). Thus 14-3-3 proteins were suggested to regulate the nuclear activities of p65 by facilitating its nuclear export, ensuring its proper regulation in relation to upstream signaling (2) . It was also shown that 14-3-3␤/␥ bound to IL6 and RANTES promoters (2), which are transcriptional targets of Akirin2/NF-B (25) , and that 14-3-3␤ binds Akirin2 (33) . Furthermore, Akirin2 does not interact with NF-B (25) . Considering that 14-3-3 proteins can serve as phosphorylation-dependent scaffolding proteins between proteins that may otherwise not interact (51), we hypothesize that 14-3-3 facilitates some interaction between Akirin and NF-B in order to regulate their nuclear location and activities.
In light of the above proposal, it is equally feasible that 14-3-3 proteins regulate the association of NF-B with promoters of its target genes involved in initiating and maintaining muscle catabolism. While such an event would likely be regulated by phosphorylation, the strikingly opposite transcriptional response of 14-3-3␥ and NF-B target genes as well as NF-B p65 (Fig. 6, Fig. 7 ) does indicate strong negative regulation of these genes at the mRNA level during the switch from catabolism to anabolism. We suggest that the relatively high levels of 14-3-3␥ genes after 2 days of feeding following fasting reflect a basic requirement for more protein units to enter the nucleus to remove NF-B, leading to the observed downregulation of its target genes like murf1 and UBE2H. Considering the negative regulation of 14-3-3␥ and akirin2(2b) (Supplemental Fig. S2 ), as well as results discussed in the last paragraph, it is also possible that the nuclear activities of Akirin are regulated by 14-3-3 proteins. This hypothesis warrants further attention in a species with a smaller complement of akirin genes, the zebrafish model being ideal because of the available protein-level resources.
Within cluster 2A, mstn(1a), which codes a paralog of Myostatin (a negative regulator of muscle growth), was not regulated by the physiological transition from satiation feeding to fasting (Fig. 6 ) but was upregulated by ϳ4.5-fold (not shown) by feeding after fasting, before returning to satiation/ fasted levels by day 9 (profile evident in Fig. 6 ). The lack of an mRNA-level response of mstn to fasting has been observed in skeletal muscle of adult tilapia (Oreochromis mossambicus) (44) and rainbow trout (41) . However, in striking contrast to our result, it was also shown in rainbow trout that mstn transcript levels were unaffected (14) or decreased (41) by feeding after fasting. Previous work also showed that mouse akirin1 is transcriptionally regulated by myostatin (40) . We observed no R values to suggest coexpression between Arctic charr akirin family members and mstn(1a) in response to nutritional state (Supplemental Fig. S2) .
Genes in clade 2B code IGF-I and II hormones, several IGF-binding proteins (IGFBPs) (including two IGFBP2 paralogs, IGFBP4, and a paralog of IGFBP5) and Pappa, a protease for IGFBPs (Fig. 6 ). However, no markedly similar responses to nutritional state (Fig. 6) or R values Ͼ0.7 were evident in any of these genes (Supplemental Fig. S2 ). Thus at the mRNA level there is no evidence supporting that salmonid akirin genes are coexpressed with IGF pathway genes in skeletal muscle at distinct nutrition states (Fig. 6) . However, since protein levels were not studied, a role for salmonid Akirins in mediating IGF signaling should not be ruled out without further investigation.
